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Abstract
The C12{C12,α}Ne20 fusion reaction rate is shown to be extremely sensitive to
variations in the strong coupling constant, αs. Connection with αs is established by
using the one boson exchange potential for the nuclear forces and then relating the
meson masses and coupling constants of this model to QCD. The implications of a
cosmological evolution of these constants on carbon burning in Type 1a Supernovae
are discussed.
1 Introduction
Type 1a Supernovae (henceforth SNe1a) are thought to result from the ignition of a degen-
erate Carbon/Oxygen stellar core. This occurs when the mass of the core increases until
the energy released via C12+C12 fusion can no longer be radiated away by neutrinos. SNe1a
explosions are badly understood and it is not clear (for example) at what mass the core
begins runaway burning, where in the core burning is instigated and what kinds of progen-
itor systems lead to SNe1a’s [1, 2]. At low redshifts there is a strong relationship between
SNe1a luminosity rise times and peak luminosities, rendering these objects potentially useful
standard candles for cosmology.
The low apparent luminosity of high redshift (0.3< z< 1.0) supernovae can be interpreted
as evidence for a FRW universe with a cosmological constant of Λ ≈ 0.7 or as SNe1a
evolution. It has been suggested that the peak luminosity of a SNe1a is higher if there
is a lower Carbon/Oxygen ratio in the core [3]. However, higher mass stars which evolve
quickly and should therefore dominate the SNe1A population at high redshifts have lower
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Carbon abundance cores, creating a problem for this evolution argument. At the same time,
recent studies suggest that the rise times of high redshift SNe1a’s are shorter than the rise
times of local SNe1a objects, indicating a possible evolutionary effect [4]. The astrophysical
analysis assumes that the nature of fundamental physical interactions have remained the
same throughout the history of the Universe which, until tested rigorously, may not be the
case.
Over the past 20 years it has become clear that theories involving the presence of higher
dimensions can provide a framework in which the four forces of nature may be described by
a unified theory [7]. The fine structure constants in these theories are related to the size
of the higher dimensions so it is neccesary to provide a mechanism to stabilise these sizes.
As it is still not entirely clear what this mechanism may be, any observational evidence for
the evolution of fine structure constants over cosmological time scales might shed light on
the problem. At the same time, changing fine structure constants would lead to changes in
the behaviour of supernovae. Most physical processes would be affected including nuclear
fusion cross sections and energy yields so the evolution and luminosity of the explosion would
certainly be different. In [8] the effect of the time variability of the gravitational constant on
the Chandrasekhar mass and the background cosmology were calculated and used to reconcile
the supernova observations with a Λ = 0 open universe. In this article we investigate the
effect of changing electromagnetic and strong fine structure constants on the carbon fusion
responsible for SNe1a explosions. As i) it is not clear as to whether SNe1a explosions occur
at the Chandrasekhar mass [2] and ii) it is not clear how sensitive explosion luminosities
are to the mass of the progenitor [6], we will be less ambitious than the authors of [8] and
simply calculate the effect of changing αem and αs on the carbon fusion cross section and
energy yields (Q values).
1.1 Existing Limits on Variations in αem and αs
Webb et al. [5] placed constraints on the fractional variation of αem as being about 1 part in
105 at a redshift of z=1. The variation of αs is more subtle as, because of well known QCD
renormalisation effects on the strong coupling constant, αs becomes considerably larger at
low energies. The 3 colour charge one-loop renormalization group equation for the QCD
coupling constant is given by
2π
αs(ρ)
=
2π
αs(ρc)
+ 11ln
(
ρc
ρ
)
(1)
where ρ has dimension of inverse mass or length and ρc corresponds to some energy scale at
which αs is known. This energy scale has to be within the regime of the three light quarks,
up down and strange, in order that the above relation holds (at higher energies, virtual
pairs of charm, bottom and top quarks will lead to corrections to the renormalisation group
equation). To say what αem means today is straight forward, but the growing value of αs
at low energies means that any QCD physics observed today occurs within highly bound
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systems such as the proton. Also, as one can see by examining the renormalization equation,
small changes in αs at high energies correspond to very large changes in αs at low energies.
Consequently, not only is it necessary to decide how much one is permitted to change αs
but also at what energy scale this constraint is imposed. A very strict limit on the varying
of αs has been provided by considering capture cross sections for slow neutrons [10]. If one
saturates this limit and assumes the rate of change is constant, a 2% limit on the fractional
variation of αs is obtained for a time 10
10 years ago. Although these capture cross sections
were observed for thermal energies much lower than the mass of the proton, the absorption
will depend on the wave function of the absorbed neutron within the nucleus. This wave
function will involve a potential derived from the interactions of nuclei at an energy scale of
the order of the nuclear size and hence the proton mass. This is the energy scale at which
αs has been varied in this study.
2 The C12+C12 Fusion Reaction
2.1 Fusion Cross Section Theory
The reaction rate for the fusion of two nuclei is given by [34]
〈σv〉 =
(
8
πµ
)1/2
1
(kT )3/2
∫
∞
0
σ(E)Eexp
(
− E
kT
)
dE (2)
where µ is the reduced mass, T the temperature, E is energy, σ(E) is the reaction cross
section, k is Boltzmann’s constant and v is the velocity of particles in the medium. The
cross section can be written
σ(E) =
1
E
exp(−2πZ1Z2e
2
h¯v
)S(E) (3)
where Z1 is the number of protons in the target nucleus and Z2 refers to the number of
protons in the incident nucleus. S(E) parametrises the resonant structure due to different
channels being favoured at different energies. Theoretical estimates of S(E) for C12+C12
fusion have been particularly controversial as early laboratory experiments suggested the
presence of pronounced resonances at astrophysical energies (up to a few hundred keV) [11].
These were thought to be due to the phenomenon of absorption under the barrier where the
two nuclei form an intermediate nuclear molecular state. Several approaches to modelling
this interaction were investigated, none of which predicted the observed resonant structure
entirely successfully [12][13][14][15]. However, in [36], it was shown that carbon fusion was
modelled acceptably by the WKB approximation where the cross section is written [16]
σ(E) = πλ¯2(E)
∞∑
l=0
(2l + 1)Tl(E) (4)
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λ being the reduced deBroglie wavelength of the incident nucleus and ℓ being the angular
momentum number. The transmission coefficients Tl(E) are written
Tl(E) = [1 + exp(Sl)]
−1 (5)
where Sl is the classical action evaluated between the inner and outer classical turning points,
Ri and Ro.
Sl = 2
√
2µ
h¯2
∫ Ro
Ri
[Vl(r)− E]dr (6)
Here, µ is the reduced mass and the potential Vl(r) is given by
Vl(r) = Vcoul(r) + Vnuc(r) +
l(l + 1)h¯2
2µr2
. (7)
The Gamow Peak energy, EGam, is the favoured energy for fusion in thermalised systems and
corresponds to the energy at which the product of the Maxwell-Boltzmann distribution and
the barrier penetration probability grows highest. Evaluation of the dominant ℓ=0 channel
cross section at EGam will give a reasonable estimate of the change in the astrophysical fusion
rate as the nuclear and Coulombic potentials change. The Gamow peak energy is given by
[34]
EGam =
(√
µ
2
πe2Z1Z2kT
h¯
)2/3
(8)
2.2 Inter-Nucleus Potential Model
In order to evaluate the cross section, the potential due to both Coulombic and nuclear forces
between the two carbon nuclei must first be calculated. This was done by modelling each
carbon nucleus as a solid sphere of constant density with radius
R = rprotonA
1/3 = 2.28984rproton. (9)
Experimental data shows that this saturated density ansatz is a good approximation, al-
though there are models thought to be more realistic where density tails off exponentially
from the surface [14]. Equation (9) shows that one can calculate how the radius of any
nucleus changes when constants are altered given that we know how the proton radius re-
acts. The success of the saturated density model also indicates that the nucleus structure
is dominated by short range effects and consequently by the strong force as opposed to
electromagnetism.
Next, we assume that the twelve units of nuclear charge (Baryon Number) and six units
of Coulombic charge are evenly distributed throughout the nucleus. Then it is possible to
do a numerical integration by approximating the two nuclei as spherical sections of a three
dimensional grid. The potential energy at each individual site due to the nuclear charge
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located at one of the sites on the other nucleus is given by the single nucleon-nucleon one
boson exchange potential with appropriate weighting. Because spins of individual nuclei are
neglected in this simple model, the nucleon-nucleon potential is vastly simplified as we shall
see in the next section.
The cross section was calculated with all parameters fixed as observed in nature, then αem
and αs were altered independently. When αem is altered, the Coulombic component of the
inter-nuclear potential and the binding energies of the nuclei are altered. When αs is altered
at some energy, the energy scale at which quark confinement occurs (approximately when
αs(ρ) in (1) goes to one) also changes. This tells us how the proton radius and mass, and
therefore the nuclear radius and mass, change and the change in the masses of the mesons in
the boson exchange potential also can be calculated as we shall see later. Again, the binding
energies and consequently the energy liberated by the reaction are changed by varying αs.
These effects were included in the simulations.
3 The One Boson Exchange Potential
In order to calculate how the nuclear force between two C12 nuclei will vary with QCD param-
eters it is first necessary to consider the single nucleon-nucleon potential. This is described
quite successfully by the one boson exchange potential (OBEP) [35]. The most significant
interactions of the four meson fields that play a role in the OBEP are the pseudoscalar in-
teractions of the isovector π, the attractive exchange of the scalar boson σ, the repulsive
vector interactions of the isoscalar ω and the tensor interactions of the isovector ρ [35]. The
tensor potential has an average value of zero upon integration over all angles of incidence
[37] so the ρ potential will be neglected as we will not be using a complicated C12 model.
Further simplification results from the fact that the pseudoscalar potential describing single
π exchange contains a factor σ1 · σ2 taking into account the relative spins of the two spin
1/2 nucleons. The value of this product is either -3 for the singlet (degeneracy 1) spin state
or +1 for the triplet (degeneracy 3) spin states [38] so if we make no assumptions about the
relative orientation of the spins of the nuclei in the model, the average force due to single
π exchange vanishes. We are subsequently left with the scalar σ and the repulsive vector ω
potentials which can now be written as [35]
Vσ(mσ, r) = −g
2
σNN
4π
e−mσr
r
(10)
Vω(mω, r) =
{
g2ωNN
4π
mω
[(
1 +
1
2
(
mω
mn
)2)
− 3
4M2
(
m2ω
r
+
2mω
r2
+
2
r3
)]
+
1
2
gωNNfω
4π
mω
(
mω
mn
)2} e−mωr
mωr
. (11)
Here, mω, mσ are the masses of the omega and sigma mesons, gσNN , gωNN are the respective
meson-nucleon-nucleon coupling constants, fω is the omega meson decay constant and mn is
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the nucleon mass. The next step is to relate the parameters of this potential to the strong
fine structure constant.
4 Meson Masses and Coupling Constants from QCD
As we shall see later in this section, the QCD vacuum is characterised by quark and gluon
condensates. In order to make contact between the OBEP and αs it is necessary to derive
the meson masses and coupling constants in terms of these condensates.
4.1 σ Meson Mass and Coupling Constant
QCD sum rules were used by Ioffe to obtain an approximate expression for the nucleon mass
in terms of the quark condensate [18]
mn =
−2(2π)2〈qq¯〉
M2
(12)
where mn is the mass of the nucleon and M is the Borel mass. This is a characteristic
mass scale of the system introduced to regularise the series of contributions from higher
dimensional operators which enter into light quark calculations [27]. By assuming the Borel
mass is the nucleon mass, one can write the approximate equation
mn = [−2(2π)2〈qq¯〉]1/3 (13)
However, nucleon mass can be explained more satisfactorily by the Nambu Jona-Lasinio
(NJL) model [19][20]. In this model, the nucleon acquires mass by interacting with the
quark condensates of the vacuum via a scalar field. Brown and Adami use an argument
based upon the dependence of both sides of Ioffe’s expression on Nc, the number of colour
charges in the theory (3 for the SU(3) of QCD) to identify the scalar field of the NJL model
with the sigma meson. This results in the identification of the Borel mass not with the mass
of the nucleon but with the sigma mass [21],[22]. Using a constituent quark model for this
process, they were able to write
mn = −2
3
g2σNN
m2σ
〈qq¯〉. (14)
Comparison of the above equations completely defines the sigma meson mass in terms of the
quark condensate and the nucleon mass
mσ = gσNN
(
2
3
〈qq¯〉
mn
)1/2
(15)
and sets the coupling constant value
g2σNN = 12π
2. (16)
Consequently, the change in the proton radius (inverse mass) will have to be taken into
account when calculating the change in the σ meson mass.
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4.2 ω Meson Mass and Coupling Constant
The mass of the ω meson was predicted very accurately as long ago as 1977 when Chan
considered the quark-loop expansion of the vector meson form factor [23]. The result is
simply
mω = mρ = 2
√
2πfpi
(
3
Nc
)1/2
. (17)
The degeneracy between the ω and ρ meson masses is broken by the fact that each has
different total isospin and therefore mixes with virtual meson pairs differently (see e.g. [24]).
However the approximation of Chan is still in excellent agreement with observation (about
two percent [23],[35]). Now the omega coupling constant is related to the omega mass and
the pion decay constant, fpi by [25]
gωNN =
(
Nc
2
√
2
)
mω
fpi
= π
√
3Nc (18)
determining all the parameters of the model in terms of the pion decay constant and the
quark condensate.
4.3 The QCD Vacuum
A classical solution of the equation of motion in a Euclidean space-time sometimes represents
quantum tunnelling through a barrier in a Minkowski space-time [17]. Consequently, the
discovery in the 1970’s of an exact finite action Euclidean solution to the classical Yang-
Mills equations lead to the realization that the QCD vacuum is highly non-trivial. At short
distances where the effective coupling (∝ √αs) is small, the dominant contributions to the
path integral characterising the true vacuum are from tunnelling transitions between an
infinite number of degenerate vacua [30]. The vacuum is therefore determined at these
distances by instanton effects rather than perturbation theory. The way the density of
instantons changes at different length scales ρ in the colour SU(3) theory is given by the
weighting function [30]
DSU(3)(ρ) = (0.10)
(
2π
αs(ρ)
)6
exp
(
− 2π
αs(ρ)
)
. (19)
As one goes to larger distances, the effective coupling rises and so one must consider quantum
corrections to the vacuum. However, even though individual tunneling amplitudes are small,
the rapidly increasing number of instantons at larger radii means that tunneling contributions
are still more important than loop corrections. The qualitative explanation for confinement
in this model is that small instantons and anti-instantons act to screen larger instantons,
the effect of which are only felt at distances corresponding to their size, and the effective
coupling rises rapidly at larger distances - hence confining any particle with colour charge.
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Quarks carry colour charge so the distance at which the coupling constant becomes large is
directly associated with the proton radius [32].
The fact that the classical description forms the bulk of the vacuum structure at small
radii allows the use of the dilute instanton gas approximation to determine the self interaction
of gluons and consequently an expression for the gluon condensate [27]
〈
αs
π
GµνGµν
〉
= 16
∫ ρc
0
dρ
ρ5
DSU(3)(ρ) (20)
where Gµν is the gluon tensor and ρc is an infrared cut-off corresponding to the length scale
at which the effective coupling goes to one.
In the above picture, the QCD vacuum energy is obtained from the trace of the stress
energy tensor which receives contributions from the quark and gluon condensates and any
non-zero bare quark masses. The QCD vacuum structure can also be obtained by considering
the effective potential for composite operators [28]. In this scheme, the vacuum energy will
be a function of the bare quark masses and the quark condensate alone. By comparing these
two methods it is possible to relate the gluon and quark condensates. In this work, we do
calculations at the chiral limit where the up and down quarks have no bare masses. Quark
masses are hence entirely dynamically generated by vacuum screening effects. At this limit,
the relationship between the quark and gluon tensor has been recently established [29]
〈q¯q〉 ≈ −
[
1
ǫ
〈
αs
π
GµνGµν
〉]3/4
(21)
where ǫ−1 can be shown to be [29]
1
ǫ
=
16π2
Nc(2ln2− 1)

 β(αs)
16
√
πα3s
+
17Ncln2
96π

 (22)
and β(αs) is the perturbative 2 loop beta function
β(αs)
16
√
πα3s
= − 1
96π
[
(11Nc − 2nf) + 1
4
αs
π
(
34N2c − 10Ncnf − 3nf
N2c − 1
Nc
)]
(23)
Nc and nf being number of colours and flavours respectively.
Equation (20) can be written as an expansion in αs(ρc) [32]
〈
αs
π
GµνGµν
〉
=
64
77
0.06
ρ4c
(
2π
αs(ρc)
)6 1 + 6∑
k=1
(
11αs(ρc)
14π
)k
6!
(6− k)!

 exp
(
− 2π
αs(ρc)
)
(24)
the dominant contribution to the expansion coming from the unity term inside the square
brackets. The value of the gluon condensate can be fixed by observation of the mass splitting
of the ground states of J/ψ and ηc mesons [32]. By using the observed value of 0.012 GeV
4
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and setting αs(MProt) = 1 one can obtain a value of ρc ≈ 1/125MeV , within a factor of 8 of
the proton radius. We then recycle this factor 8 to replace ρc with the inverse proton mass
in equation (24). As we know how the proton mass varies with the strength of the strong
force, we assume that ρc varies in the same way.
The dynamically generated quark mass in the chiral limit at low momentum scales is
given by [29]
mdyn = 〈−qq¯〉1/3 (25)
then the pion decay constant can be written [26]
fpi =
21/6√
2π31/4
mdyn = 0.34025〈−qq¯〉1/3 (26)
which determines all of the meson parameters in terms of quantities from QCD.
5 Binding Energies and Q-Values
Here we make the assumption that despite the fact that shell closure effects render the liquid
drop model inaccurate for nucleons with A<20 [38], the model can give an indication of the
dependance of the nuclear binding energy on αem and αs. The Semiemperical Mass formula
is given by
M(A) = ZMprot +NMneut − a1A + a2A2/3 + a3 Z
2
a1/3
+ a4
(Z −N)2
A
+ δ(A) (27)
where the terms with coefficients a1 - a4 are the volume, surface, Coulomb and asym-
metry terms respectively. The dominant channel for Carbon Burning is C12{C12,α}Ne20
(C12+C12 ⇒Ne20 + α). The volume contribution to the Carbon-Carbon system is the same
as that for the α-Neon system and consequently cancels out of the Q-value calculation. The
pairing term δ(A) gives a positive contribution to the mass for nuclei with odd numbers of
both protons and neutrons (odd-odd), a negative contribution of the same magnitude for
even-even nuclei and zero contribution for odd-even nuclei. As Carbon nuclei, α particles
and Neon nuclei are all even-even, the final state has the same ammount of pairing energy
as the inital state and we do not need to calculate the dependance on rprot of the binding
energies for this reaction. The assymetry term can be neglected for all three nuclei, leaving
us with the surface, Coulomb and pairing terms. At this stage we still label the strength of
electromagnetism directly by αem but the contrived root from αs(ρ) to observable physics
makes it easier to signify the strength of the strong force by rprot. The empirical prefactors
for the surface and Coulomb terms can be estimated quite well by using a simple Fermi gas
model for the nucleus.
This model uses the fact that only two neutrons and two protons can be in the same
place with the same momentum to relate the density of nucleons to the highest occupied
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momentum state, the Fermi momentum kF .
2
3π2
k2F = ρ =
3mnuc
4πr3nuc
≈ 3mprot
4πr3prot
(28)
Since kF is proportional to the constant nuclear density and the nucleon mass is the inverse
of the nuclear radius, kF ∝r−4/3prot . The Fermi energy is therefore given by ǫF ∝r−5/3prot . In [39],
it is shown that the surface term coefficient as calculated by Fermi Gas considerations is
only about 3% different from the empirical value. The surface coefficient is obtained from
the model by remembering to neglect any unphysical momentum states which occur when
one or more components of the momentum vector are zero. The result is
a2 =
9πǫF
40kF rprot
∝r−4/3prot . (29)
Similarly, the Coulombic part of the energy can be derived from the Fermi gas model,
although not as accurately as the surface term. The full expression for the normal and
altered terms is then
ECoul =
3
5
Z2e2
R
− 9π
4
Z2e2
V k2F
=
3
5
Z2e2
R
α′emrprot
αemr′prot
− 9π
4
Z2e2
V k2F
(
rprot
r′prot
)1/3
α′em
αem
. (30)
The Q value for the C12{C12,α}Ne20 reaction using the semi empirical mass formula is
hence
Q = 0.595a2(surface) − 7.911a3(Coulomb) (31)
This yields a value of 5.37 MeV, about 15% out from the observed value of 4.62 MeV [34] but
we were expecting a discrepancy, as the liquid drop model is not entirely reliable for A<20.
We shall continue using this approximate method in the hope it will give us an indication of
the magnitude of the effect of changing fine structure constants.
6 Results and Discussion
When αem is varied in the equations set out in section 2, the Carbon fusion cross section
changes significantly more. Saturating the bounds set by Webb of 1x10−5 at a redshift of
z=1, it is found that the fractional cross section change is 5.4x10−4, a factor of 50 greater
fractional change than αem. However this is still very small and will make probably make
very little difference to overall luminosities as we shall see below.
Using the equations in section 4 it was found that for a 2% increase/decrease in αs at the
proton mass, the meson masses increase/decrease by about 2.5% (both are ∝ 〈qq¯〉1/3). The
same change in αs resulted in an approximate 1.2% change in the radius of the proton, the
radius decreasing as the coupling was increased. Next, the effect of the changing potentials
on the the l=0 cross section at the Gamow peak corresponding to a temperature of 1×109K
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were calculated (1×109K is the typical temperature quoted for the time when the supernova
is making the transition from quiescent to explosive burning [40]).
Increasing αs(MProt) by 2% was found to decrease the cross section by 51% and decreasing
αs(MProt) by 2% increases the cross section by 115%, so both ways change the cross section
by about a factor of two. The Q-value of the reaction also rises as αs goes down, with
△Q/Q ≈ 0.04.
The fact that a 2% change in αs yields can halve or double the fusion cross section is
remarkable and could lead to interesting effects. As an example, one might expect that if
αs had been 2% smaller at some time since the big bang, Carbon burning would take place
much more readily, meaning that degenerate cores would explode at lower temperatures -
hence lower masses. A lower mass core would probably result in a lower luminosity explosion
[40] and we would have a new interpretation of the apparent low luminosity of high redshift
SNe1a’s. Unfortunately, things are not this simple because of the extreme temperature
sensitivity of the Carbon fusion reaction.
The apparently large change in the fusion cross section would be compensated for by a
very small change in temperature. One way of quantifying this effect is by taking the fusion
cross section and multiplying it by the Q value to obtain a quantity signifying the energy
yield for the three different values of αs. It turns out that a 6.7% increase in temperature
would compensate for a 2% decrease in αs. In a SNe1a this would certainly result in a change
in the rate at which the transition from quiescent to explosive burning occurs and the peak
luminosity would also change. However, the exact way this would effect the relationship
between rise-time and peak luminosity is difficult to quantify without a more complete
understanding of SNe1a’s.
Models of Type 1a Supernovae are extremely complex, using detailed nuclear reaction
schemes that take into account many different cross sections. The fact that these models
are still not entirely succesful after thirty years of endeavour show how complicated the
mechanisms occuring in SNe1a’s are. It seems there are many other effects which may be
responsible for the apparent evolution of SNe1a luminosity which do not involve speculative
physics. However, if there is reason to believe in a cosmological evolution of αs, SNe1a’s may
be a good place to start looking.
Acknowledgments
The author has had valuable discussions with the following people without which this work
would have been impossible: D.Bailin, J.D.Barrow, E.J.Copeland, T.Dent, J.P.Elliott and
Sir D.Wilkinson. This work is funded by PPARC.
References
[1] Woosley, S.E. and Weaver, T.A., ApJ. 423, 371, (1994)
11
[2] Hachisu, I., Kato, M. and Nomoto, K., astro-ph/9902304
[3] Ho¨flich, P., Wheeler, J.C. and Thielemann, F.K., ApJ. 495, 617
[4] Riess, A.G., Filippenko, A.V., Li, W. and Schmidt, B.P., astro-ph/9907038
[5] Webb, J.K., Flambaum, V.V., Churchill, C.W., Drinkwater, M.J. and Barrow, J.D.,
Phys.Rev.Lett. 82, 884, (1999)
[6] Ho¨flich, P. and Khoklov, A., ApJ. 457, 500, (1996)
[7] Polchinski, J., String Theory (vol.1&2), Cambridge University Press, (1998)
[8] Amendola, L., Corasaniti, S. and Occhinero, F., astro-ph/9907222
[9] Kolb, E.W. and Turner, M.S., The Early Universe, Addison Wesley (1993)
[10] Shlyakhter, A.I., Nature 264, 340, (1976)
[11] Fowler, W.A., Caughlan, G.R. and Zimmermann, B.A., Ann.Rev.Astr.Ap. 13, 69,
(1975)
[12] Michaud, G.J. and Vogt, E.W., Phys.Rev. C5, 350, (1972)
[13] Michaud, G.J., Phys.Rev. C8, 525, (1973)
[14] Arnould, M. and Howard, W.M., Nucl.Phys. A274, 295, (1976)
[15] Descouvement, P., Nucl.Phys. A504, 193, (1989)
[16] Steadman, S.G. and Rhoades-Brown, M.J., Ann.Rev.Nucl.Part.Sci. 36, 649, (1986)
[17] ’t Hooft, G., Phys.Rev.Lett. 37, 8, (1976)
[18] Ioffe, B.L., Nucl.Phys. B188, 317, (1981)
[19] Nambu, Y. and Jona-Lasinio, G., Phys. Rev. 122, 345, (1991)
[20] Hatsuda, T. and Kunihiro, T., Phys.Rep. 247, 221, (1994)
[21] Brown, G.E., Nucl.Phys. A522, 397c, (1991)
[22] Adami, C. and Brown, G.E., Z.Phys. A340, 93, (1991)
[23] Chan, L-H, Phys.Rev.Lett. 39, 1124, (1977)
[24] Pichowsky, M.A., Walarwalkar, S. and Capstick, S., nucl-th/9904079
[25] Meissner, U.-G., Phys.Rep. 161, 213, (1988)
12
[26] Reinders, L.H., Rubinstein, H. and Yazaki, S., Phy.Rep.127, 1, (1985)
[27] Shifman, M.A., Vainshtein, A.I. and Zakharov, V.I., Nucl.Phys. B147, 385, (1979)
[28] Cornwall, J.M., Jackiw, R. and Tomboulis, E., Phys.Rev. D10, 2428, (1974)
[29] Gorbar, E. and Natale, A.A., hep-ph/9906299
[30] Callan, C.G., Dashen, R. and Gross, D.J., Phys.Rev. D17, 2717, (1978)
[31] Pagels, H. and Stokar, S., Phys.Rev. D20, 2947, (1979)
[32] Shifman, M.A., Vainshtein, A.I. and Zakharov, V.I., Phys.Lett. 76B, 471, (1978)
[33] Krappe, H.J., Annals of Physics 99, 142, (1976)
[34] Rolfs, C.E. and Rodney, W.S., Cauldrons in the Cosmos, University of Chicago Press,
(1988)
[35] Machleidt, R., Advances in Nuclear Physics 19, 189, (1989)
[36] Beckerman, M., Phys.Rep. 129, 145, (1985)
[37] Greiner, W. and Maruhn, J.A., Nuclear Models, Springer-Verlag, (1996)
[38] Blatt, J.M. and Weisskopf, V.F., Theoretical Nuclear Physics, Wiley, (1962)
[39] deShalit, A. and Feshbach, H., Theoretical Nuclear Physics Vol.1, Wiley, (1974)
[40] Woosley, S.E., Taam, R.E. and Weaver, T.A., ApJ. 301, 601, (1986)
13
